ABSTRACT Emerald ash borer, Agrilus planipennis Fairmaire (Coleoptera: Buprestidae), a phloemfeeding pest of ash (Fraxinus spp.) trees native to Asia, was Þrst discovered in North America in 2002. Since then, A. planipennis has been found in 15 states and two Canadian provinces and has killed tens of millions of ash trees. Understanding the probability of detecting and accurately delineating low density populations of A. planipennis is a key component of effective management strategies. Here we approach this issue by 1) quantifying the efÞciency of sampling nongirdled ash trees to detect new infestations of A. planipennis under varying population densities and 2) evaluating the likelihood of accurately determining the localized spread of discrete A. planipennis infestations. To estimate the probability a sampled tree would be detected as infested across a gradient of A. planipennis densities, we used A. planipennis larval density estimates collected during intensive surveys conducted in three recently infested sites with known origins. Results indicated the probability of detecting low density populations by sampling nongirdled trees was very low, even when detection tools were assumed to have three-fold higher detection probabilities than nongirdled trees. Using these results and an A. planipennis spread model, we explored the expected accuracy with which the spatial extent of an A. planipennis population could be determined. Model simulations indicated a poor ability to delineate the extent of the distribution of localized A. planipennis populations, particularly when a small proportion of the population was assumed to have a higher propensity for dispersal.
Invasive forest insects constitute a signiÞcant threat to biodiversity, community stability, and ecosystem services, and invoke considerable costs to managed systems (Liebhold et al. 1995 , Allen and Humble 2002 , Aukema et al. 2011 . Timely detection and delineation of newly established infestations can greatly increase the likelihood of successful eradication, containment, or management (Myers et al. 2000, Liebhold and Tobin 2008) . However, timely detection relies upon the existence of adequate detection tools, which in turn, rely on the biology of the invasive pest and the existence of a sufÞcient knowledge base to develop detection tools for these species. For some invasive insects, pheromone traps, such as those deployed for gypsy moth (Lymantria dispar L.) or light brown apple moth (Epiphyas postvittana Walker), are highly effective for detecting and delineating the spatial distribution of localized populations (Bierl et al. 1970 , Bellas et al. 1983 , Sharov et al. 1997 , Suckling and Brockerhoff 2010 . Unfortunately, many wood-and phloem-feeding species, which represent the most rapidly increasing guild of nonnative forest insects in the United States (Aukema et al. 2010 ), either do not produce long distance pheromones or pheromones have not been identiÞed. Methods to detect, delineate, and monitor localized populations of such species may remain imperfect, despite extensive research.
Agrilus planipennis Fairmaire (emerald ash borer), an invasive insect pest of ash (Fraxinus spp.) trees in North America, is one such species. A. planipennis is native to eastern Asia and was Þrst discovered in North America in 2002 (Cappaert et al. 2005) . Dendroentomological evidence indicates A. planipennis was likely present in Detroit, MI, and Windsor, Ontario, Canada by the early to mid-1990s ). As of April 2011, A. planipennis had been found in at least 15 states and two Canadian provinces and killed tens of millions of ash trees in forest and urban areas. Costs of managing A. planipennis in urban areas over a 10-yr period (2009 Ð2019) are expected to exceed $10 billion (Kovacs et al. 2010) . Adult A. planipennis beetles in North America emerge in May and June and feed on ash leaves during their 3Ð 6 wk life span (Cappaert et al. 2005) . Larvae feed on cambium and phloem, and galleries may score the outer sapwood, eventually girdling the branches and tree trunk. A. planipennis can complete development in 1 yr, but in healthy hosts, development may require 2 yr (Cappaert et al. 2005 , Tluczek et al. 2011 ).
Girdling trees in spring then debarking trees in fall or winter to assess larval presence is an effective tool for detecting A. planipennis populations (Hunt 2007 , Rauscher 2006 , SLAMEAB.info 2011 . Stress caused by girdling or other injury alters the volatile proÞle of ash trees (Rodriguez-Saona et al. 2006 ) and stressed trees are more attractive than healthy trees to adult A. planipennis, including egg-laying females (McCullough et al. 2009a, b) . However, debarking ash trees is destructive, labor intensive, and requires that suitable trees be available. Not surprisingly, extensive efforts have been directed toward the development of effective traps and lures. Cues used by A. planipennis to locate hosts including volatile compounds associated with stressed ash trees, color, and apparency have been incorporated into various A. planipennis trap designs and lures (de Groot et al. 2008 , Crook et al. 2009 , McCullough and Poland 2009 , Francese et al. 2010 , Grant et al. 2010 .
Recent studies have contrasted the relative efÞ-ciency of different A. planipennis detection tools Marshall et al. 2009 Marshall et al. , 2010 Francese et al. 2005 Francese et al. , 2010 Poland et al. 2011; McCullough et al. 2011) . While these studies provide a means to rank trap efÞciency and deployment strategies, the probability that baited traps will detect low density infestations or provide accurate estimates of the localized spread of A. planipennis remains unknown (but see McCullough et al. 2011 ). This issue is difÞcult to address by comparing the number of beetles caught in different trap types, because the density of the underlying A. planipennis population ultimately remains unknown.
Here we provide an initial step toward creating a link between A. planipennis population density and detection probability. By examining the probability of selecting and detecting a nongirdled tree as infested over a range of A. planipennis densities, we can establish a point of reference enabling the likelihood of detection for this and other sampling methods to be compared. Using larval distribution determined at three infested sites in Michigan, we estimated the probability of selecting an infested tree across a range of A. planipennis densities. The spread of A. planipennis was then simulated to estimate how varying assumptions of spread may affect our ability to accurately delineate the spatial extent of A. planipennis populations.
Materials and Methods
Probability of Detection at Three Isolated Infestations. The probability of detecting an infested tree along the local gradient of A. planipennis densities was determined for three isolated A. planipennis infestations. Presence and density of A. planipennis within each site was estimated by systematically felling and debarking trees to estimate the larval density per square meter of exposed ash phloem. Each site exhibited local variation in A. planipennis density.
The infestation at Site 1 was discovered in Lenawee Co., MI, in fall 2002 by regulatory ofÞcials (described in Mercader et al. 2009 ). The infestation originated when A. planipennis adults emerged in 2002 from ash Þrewood piled alongside a drainage ditch. Both sides of the ditch were bordered by 50 Ð150 m wide wooded areas with abundant green ash (Fraxinus pennsylvanica) trees surrounded by agricultural Þelds, effectively creating a bidirectional corridor. In this site, up to four ash trees in 50 m intervals along the ditch in both directions were randomly selected for sampling (n ϭ 64). An additional 28 trees randomly selected from areas bordering the drainage ditch and 23 trees located in a woodlot, 700 Ð 850 m from the point source were also sampled. Trees were felled in February 2003 and sampled by debarking a minimum of four areas, each Ն2,400 cm 2 , spaced evenly from 1.5 m aboveground to the upper canopy (diameter Ͼ3Ð 4 cm). Diameter at breast height (dbh) (1.3 m aboveground) dbh averaged 17.8 cm Ϯ 0.94 (range, 2.0 Ð57.5 cm).
At Site 2, an infestation was detected on a girdled ash trap tree at a state campground in Brimley, Chippewa Co., MI, in September 2005 by regulatory ofÞ-cials (described in McCullough and Siegert 2007) . White ash (F. americana) trees (Ϸ18 Ð25 cm diameter) had been planted systemically throughout the campground. Some naturally regenerated green ash and black ash (F. nigra) occurred in small wooded areas adjacent to the campground, but ash trees were relatively uncommon beyond the park area. In total, 59 trees growing in a 400 m radius of the original detection tree were felled in October 2005 and sampled for A. planipennis using similar methods as described for Site 1. Sampled tree dbh averaged 20.7 Ϯ 0.95 cm (range, 2.5Ð 61.0 cm). Regulatory ofÞcials subsequently felled and destroyed the remaining ash trees growing within 800 m of known infested trees by November 2005.
The third infestation, Site 3, was initiated by infested nursery trees planted in 2001 in landscaping around a restaurant in St. Joseph, Berrien Co., MI (described in Siegert et al. 2010) . This site was a peri-urban site composed of a mixture of wooded, residential, agricultural, and commercial zones. Ash distribution was heterogeneous and included a mixture of F. pennsylvanica and F. americana. A 2.2 km 2 area centered at the origin of the infestation was overlaid with a 100 ϫ 100 m grid. One ash tree per grid cell was felled and sampled in April 2004. If no A. planipennis larvae were found on the Þrst tree, a second tree in the same grid cell was sampled. Sampled trees ranged from 3.0 to 91.4 cm in dbh .
Neighborhood Larval Density Estimates. Density of A. planipennis larvae per square meter of ash phloem was determined for each sampled tree at our three sites. We used these observed densities to estimate the average A. planipennis density in the immediate area surrounding each tree, termed "neighborhood larval density." Neighborhood larval density was calculated by estimating the Euclidean distance between trees in the site and then determining the average A. planipennis density in all sampled trees within the surrounding area or "neighborhood." The size of the neighborhood considered for Sites 1 and 2 encompassed the sampled trees within a 50 m radius. At the peri-urban Site 3, sampling resolution was considerably lower, so we calculated the average density of A. planipennis larvae from the focal cell and all 100 ϫ 100 m cells adjacent to the focal cell.
Probability of Detection Estimates. We estimated the probability of detection using the presence or absence of A. planipennis larvae per tree and the neighborhood larval density estimated for the three sites described above. This situation is essentially identical to presence-absence sampling with a tally threshold, in this case zero, commonly used in agriculture (reviewed in Jones 1994). For each site, an asymptotic regression through the origin was Þt to determine the relationship between the neighborhood larval density and the likelihood of a tree or cell being declared to be infested. Asymptotic regressions through the origin of the form Y ϭ 1 Ϫ e Ϫad were Þt, where Y was the probability of detection, a was a parameter Þt through maximum likelihood, and d was the neighborhood larval density. Asymptotic regressions through the origin often take the form Y ϭ b*(1 Ϫ e Ϫad ). In this case, however, the extra parameter was unnecessary because we estimated a probability (0 Ð1) and the corrected Akaike Information Criterion (AICc) values for the two parameter model were higher for all sites. Asymptotic regressions were Þt following the maximum likelihood approach described by Bolker (2008a) , using the bbmle package (Bolker 2008b) for the statistical package R (R Development Core Team 2011), assuming a binomial distribution. ConÞdence intervals for parameter estimates and (AICc values were estimated with the bbmle package; Bolker 2008b). For comparison purposes, a model combining estimates from the three sites was created using a weighted average of the three individual models. The relative sampling intensity at each site was used as the weight assigned to the individual models. As with the individual models, AICc values were used to assess the Þt of the combined model to data collected at each site.
To illustrate the effect of increasing or decreasing the detection ability of different tools, we adjusted the detection probability observed for Site 1 across a range of A. planipennis densities. Site 1 was chosen because of the relatively high sampling intensity and the range of neighborhood larval densities represented in the data (Fig. 1) . We adjusted the detection probability to represent detection tools ranging from 1 to 100% and one-to Þve-fold (i.e., 100 Ð500%) of the efÞciency of nongirdled trees for A. planipennis densities ranging from 0.01 to 20 larvae per square meter of ash phloem. Twenty larvae per square meter of ash phloem was chosen as a cutoff point, as external symptoms of infestation would likely become apparent at densities beyond this point (Anulewicz et al. 2007, McCullough and . The probability was adjusted following the simple relationship: adjusted probability ϭ 1 Ϫ (1 Ϫ probability of detection) change in efÞciency where probability of detection was the probability of detection for an nongirdled tree as determined above, and the change in efÞciency was the proportional change (i.e., 1% ϭ 0.01 and 500% ϭ 5).
Simulations of Localized Spread and Detection. We used a spatially explicit coupled lattice model (Mercader et al. 2011a ) to simulate the localized spread of A. planipennis. In brief, the model couples population processes relevant to the spread of A. planipennis onto matrices that record the quantity of available phloem and the number of A. planipennis larvae that develop in 1 or 2 yr. Population processes linking these matrices include 1) the number of adult beetles emerging in a particular year, 2) dispersal of adult beetles, 3) population growth, and 4) the loss of ash phloem consumed by developing A. planipennis larvae. Variables were determined and parameterized using data collected from multiple Þeld sites (see Mercader et al. 2011a) .
We used a slightly modiÞed version of this model to simulate the spread of A. planipennis in homogeneous environments to test the efÞciency of the estimated detection thresholds. Little is known about dispersal of A. planipennis beyond 800 m, but ßight mill studies show mated A. planipennis females are physiologically capable of dispersing considerably farther (Taylor et al. 2010) . To simulate the effect of individual beetles engaging in long-distance dispersal, we allowed 5, 10, 15, or 20% of mated females to disperse farther than the remainder of the population. Individuals that engaged in long-distance dispersal were simulated to have a modiÞed dispersal function and a maximum dispersal distance of 1,000 or 2,000 m. Beetle dispersal in the model was based on the dispersal function described by Mercader et al. (2009), 27.08e Ϫ(a*Distance) where a was 0.037. To simulate an increase in the propensity to disperse in long-distance dispersers, we adjusted the value of a in the dispersal function to be 0.01, 0.0075, 0.005, or 0.001 to simulate beetles with a low (0.01) to high (0.001) dispersal propensity.
Simulations using the above variations in parameters were run for a 7-yr period in homogeneous environments consisting of 50 ϫ 50 m cells, each containing 200 m 2 of ash phloem. All simulations were initiated with 200 A. planipennis adults in the center of the environment.
Detection Simulations. For each of the spread simulations described above, we examined the expected detection accuracy based on our estimates of detection probabilities. Stochastic simulations of the detection of infestations in all cells through time in the simulations were conducted using the probabilities estimated for Site 1 because of the relatively high sampling intensity.
Simulations were performed by Þrst determining the A. planipennis density (larvae per square meter of phloem) for each cell in each year. The estimated densities were subsequently used to determine the probability of detecting an infested tree in that cell. This probability was then used as the probability of detection in a single Bernoulli trial for each cell in each year to determine whether the cell was detected as infested or not. This procedure was performed 50 times for each spread simulation.
A second set of simulations was conducted to estimate how increasing the number of trees sampled improved the estimated detection of the spatial extent of the population. This was accomplished by running detection simulations as above, with the exception that 1, 2, 3, 4, or Þve Bernoulli trials were run per cell, representing sampling one to Þve trees in each cell. For these simulations, 20% of the population was assumed to engage in long distance dispersal, with a maximum dispersal distance of 2,000 m.
Results
Probability of Detection at Three Isolated Infestations. Estimates of neighborhood larval density for Sites 1, 2, and 3 ranged from 0 to 18.5 larvae per square meter of phloem (mean Ϯ SEM 3.36 Ϯ 0.42 larvae per square meter of phloem), 0 Ð11.3 larvae per square meter of phloem (1.81 Ϯ 0.33 larvae per square meter of phloem), and 0 Ð22.8 larvae per square meter of phloem (1.37 Ϯ 0.28 larvae per square meter of phloem), respectively. A higher proportion of trees was determined to be infested in Site 1 than in Sites 2 and 3 (Fig. 1) , which probably reßects the relatively high sampling intensity in Site 1.
Estimates for parameter a Þt for the asymptotic regression using data collected at Sites 1, 2, and 3 are summarized in Table 1 . Parameter estimates for Sites 1 and 2 were relatively similar (Table 1; Fig. 2 ), but differed considerably between Site 2 and the periurban Site 3. Logistic regressions corroborated differences between Sites 1 and 2 versus Site 3 (Site 1 vs. Site 2, P ϭ 0.71; Site 1 vs. Site 3, P ϭ 0.005; Site 2 vs. Site 3, P ϭ 0.034). However, the overlap of the 95% conÞdence intervals for the parameter a estimated for each site indicated the differences between sites were either not large, the precision of the parameter estimates was low, or most likely, a combination of both conditions.
General guidelines for AIC interpretation suggest that if the AIC difference (⌬ i ) between the best model and an alternate model is Յ2, the alternate model has substantial support in the data (Burnham and Anderson 2002) . Models with 4 Յ ⌬ i Յ 7 provide a lesser Þt to the data than the best model, and models with ⌬ i Ն 10 provide essentially no support (Burnham and Anderson 2002) . The AICc and ⌬ i values for the Þt of each of the models to the three different sites are summarized in Table 1 . The models Þt to Sites 1 and 2 had 
For the asymptotic regression, probability of detection ϭ 1 Ϫ e Ϫa density , where a is the parameter Þt and density is the local A. planipennis larval density per square meter of ash phloem or neighborhood larval density. Corrected Akaike Information Criterion (AICc) values were estimated using the parameter estimates from the asymptotic regressions Þt for each site (AICc Site 1Ð3) and with a combined model weighted by the sampling intensity at each site (AICc combined).
Fig. 2.
Effect of neighborhood larval density on the probability of detecting an infested tree for varying densities of A. planipennis larvae per square meter of phloem based on data from three sites in Michigan.
substantial support in the data collected at their reciprocal sites (⌬ i ϭ 0.3 and ⌬ i ϭ 1, respectively). In contrast, the models Þt to the data in Sites 1 and 2 did not have substantial support in the data from Sites 3 relative to the model Þt to the data from Site 3 (⌬ i ϭ 6.4 and ⌬ i ϭ 3.3, respectively). Not surprisingly, the model Þt to Site 3 indicated a very poor Þt to the data in Site 1 relative to the model Þt to Site 1 (⌬ i ϭ 12.7). However, the model Þt to Site 3 did have substantial support in the data collected in Site 2 relative to the model Þt to Site 2 (⌬ i ϭ 2.2), probably because of the high variability present at Site 2, as evidenced by large conÞdence interval for parameter a. AICc values for the combined model derived from data for Sites 1, 2, and 3 had substantial support in the data collected at Sites 1 and 2 (⌬ i ϭ 0.8 and ⌬ i ϭ 0, respectively), but not for Site 3 (⌬ i ϭ 3).
The effect of increasing or decreasing the effectiveness of detection tools is summarized in Fig. 3 . Small to moderate changes in the effectiveness of detection tools substantially increased the probability of detection once A. planipennis densities started to build. For example, at a neighborhood larval density of Þve A. planipennis per square meter, the probability of sampling a nongirdled tree and declaring it to be infested was Ϸ55%. If a detection tool was twice as efÞcient as sampling a nongirdled tree, the probability of detecting an infested tree would increase to 80%. Conversely, if the A. planipennis density was only one larvae per square meter, the probability of declaring a nongirdled tree to be infested was only 15%. Doubling the efÞciency of the detection tool increased the probability to Ϸ27%. These results indicated that large changes in the effectiveness of detection tools are required to improve sensitivity at lower A. planipennis densities. This effect substantially inßuenced the shape of the contour lines in Fig. 3 , which represent the probability of detection. The relative trap efÞ-ciency required to achieve a speciÞc probability of detection (e.g., 0.2) decreased exponentially with increasing A. planipennis density.
Simulations of Localized Spread and Detection. Not surprisingly, increasing the proportion of beetles engaging in long-distance dispersal, increasing the maximum dispersal distance, or decreasing a in the dispersal function all acted to increase the spread of the simulated A. planipennis populations (Table 2) . However, increasing the maximum dispersal distance for the population from 1,000 m to 2,000 m did not affect radial spread when long-distance dispersers were not included in the simulation (Table 2) . Including longdistance dispersers in simulations ampliÞed the radial spread, particularly when the maximum dispersal distance was increased ( Table 2) .
Because of the high frequency of a 2-yr life cycle in low density A. planipennis populations (Cappaert et al. 2005 , Tluczek et al. 2011 , the spread of the leading edge from a single infestation exhibited a staggered expansion over time. This expansion pattern led to an increasing and staggered underestimation of the spa- Fig. 3 . Relationship between neighborhood larval density and the probability of detecting an A. planipennis infestation as the efÞciency of the detection tool varies relative to a nongirdled tree. On the y-axis, one represents the probability of a single nongirdled tree being declared to be infested in Site 1. Values above and below one represent the proportional increase or decrease in detection efÞciency.
tial extent of the population (Fig. 4) . Accuracy of detection diminished substantially as the proportion of beetles engaging in long-distance dispersal and the maximum dispersal distance increased, or the dispersal propensity for long-distance dispersers was increased (Figs. 4 and 5) . In these simulations, increased dispersal yielded a diffuse leading edge and detection probabilities for A. planipennis were reduced at low densities. When the dispersal propensity of long-distance dispersers and the maximum dispersal distance were increased, the spatial extent of the population would likely be considerably underestimated (Figs. 4  and 5) .
Not surprisingly, increasing the number of trees sampled in simulated 7-yr-old infestations yielded an increase in the accuracy of detection. Increased detection accuracy, however, was more pronounced within 2,000 m of the epicenter, then rapidly diminished (Fig. 6 ). For example, if a single tree was sampled at a distance of 1,000 m from the epicenter, 55Ð 60% of the cells would be incorrectly recorded as noninfested, but if Þve trees were sampled, the error rate would drop to 5Ð7%. In contrast, at a distance of 3,000 m from the epicenter, sampling a single tree generated an error rate of 99%, while sampling Þve trees still yielded an error rate of Ϸ95% (Fig. 6 ). This effect occurred because cells farther from the epicenter contained lower densities of A. planipennis, which reduced probabilities of detection per tree, consequently decreasing the advantage of sampling increasing numbers of trees.
Discussion
Efforts to detect newly established infestations of invasive species often rely upon systematic grids of traps at relatively coarse levels, but this may not be an ideal strategy in all cases. When infestations of the target pest have patchy distributions and detection tools have a limited detection radius, survey results suffer from high levels of uncertainty. Under these circumstances, the use of targeted surveillance programs may be a more suitable approach (e.g., Yemshanov et al. 2010) . Estimates of the likelihood of detecting A. planipennis infestations by sampling nongirdled trees indicate a low probability of detecting a low density infestation. At densities of Þve larvae per square meter of ash phloem, the probability a tree would be detected as infested was 33Ð55%, and at one larvae per square meter of ash phloem the probability a tree would be declared to be infested was 8 Ð15% (Fig. 2) . For comparison purposes, on average, Ϸ88.9 A. planipennis beetles can develop per square meter of phloem . Larval densities can be considerably higher (e.g., Ͼ250 larvae per square meter) in areas with very heavy A. planipennis infestations, but intraspeciÞc competition for phloem typically results in high larval mortality (Tluczek et al. 2011) . It is important to note that ash phloem in Sites 1 and 3, as well as other Michigan sites (D. G. Mc- Long-distance dispersers (LDD) were simulated to vary in their propensity to disperse by adjusting a in the dispersal function from 0.01 (lowest), 0.0075 (low), 0.005 (medium), 0.0025 (high), to 0.001 (highest). MDD, max dispersal distance. Fig. 4 . Probability an infested area will not be declared to be infested by distance and year of infestation when the proportion of long-distance dispersers was 10 or 20%, based on detection probabilities derived from Site 1. For these simulations, initial population size was 200 beetles, maximum A. planipennis dispersal was assumed to be 2000 m, and dispersal functions were e -0.037*distance for the main population and e -0.001*distance for long-distance dispersers.
Cullough and N. W. Siegert, unpublished data) can exceed 3,000 m 2 of ash phloem in 100 ϫ 100 m areas. Therefore, while densities of Ͻ1 or Ͻ5 larvae per square meter of ash phloem may seem low, they may actually reßect the presence of Ͼ3,000 or 15,000 larvae, respectively, within a 100 ϫ 100 m area.
Despite the physiological capacity of mated females to engage in long-distance dispersal (Taylor et al. 2010) , the vast majority of eggs laid by A. planipennis females are within 200 m of their emergence point ). This situation can lead to infestations of A. planipennis characterized by pockets of high densities of A. planipennis surrounded by comparably large areas with very low A. planipennis densities, further reducing the probability of detecting new infestations. The probability that a randomly selected tree was infested was, not surprisingly, strongly correlated with the A. planipennis density within the immediate area (Table 1) . Results from Sites 1, 2, and 3 indicated a fairly rapid increase in the likelihood of detecting an infestation as larval densities increased (Fig. 2) . The patchy distribution of A. planipennis, combined with the relatively high estimated local densities needed to achieve a 70% chance that a sampled tree will be infested, highlights the difÞculty of detecting new A. planipennis infestations. Differences in detection probability observed for Sites 1 and 2 versus Site 3 (Fig. 2 ) may reßect differences in sampling intensity or a real difference in the probability of detection driven by habitat differences such as the spatial or size class distribution of ash trees. At the peri-urban Site 3, for example, ash distribution was very patchy , compared with the more uniform distribution of ash at Sites 1 and 2. Lower vegetation connectivity is common in peri-urban sites and has been noted to affect dispersal (Snep et al. 2006) , which may have led to the lower detection ability observed in Site 3.
Understanding the uncertainty associated with the available detection tools is an important in the development and evaluation of management strategies for a target pest. Haight and Polasky (2010) noted that detection tools must be able to remove uncertainty beyond a threshold to justify the expense of detection or monitoring efforts in large, operational programs. Without assessing the uncertainty associated with detection and monitoring techniques, evaluating the value of such programs becomes highly uncertain itself. Estimates of the efÞcacy of monitoring tools based on pest density, such as those presented here, provide an opportunity to gauge the degree of uncertainty associated with monitoring and detection tools.
Estimates of the efÞcacy of a monitoring tool can potentially also be used as a benchmark to assess how proportional increases in the efÞciency of the tools can improve the likelihood of detection. For example, Fig. 5 . Radial distance from the epicenter of simulated A. planipennis infestations in which Ͻ85% of cells were correctly determined to be infested for 7-yr-old infestations initiated with 200 beetles. The proportion of long-distance dispersers in simulations was 0, 5, 10, 15, or 20% of the population and a in the dispersal function was 0.01 (lowest long-distance dispersal), 0.0075 (low long-distance dispersal), 0.005 (medium long-distance dispersal), 0.0025 (high long-distance dispersal), or 0.001 (highest long-distance dispersal). Probability of detection of infested cells was based on results observed in Site 1. Maximum adult dispersal distance was 2,000 m. girdled and nongirdled trees were sampled in two areas with very low density A. planipennis infestations in central Michigan. In one area, 94% of girdled trees and 55% of nongirdled trees were detected as infested, while 100% of girdled trees and 72% of nongirdled trees were detected as infested in the other site N.W.S. et al., unpublished data) . These data indicate a 1.4 Ð1.7 greater likelihood of a girdled tree being detected as infested than a nongirdled tree in this area. Results from our simulations showed that when densities were relatively low (approaching Þve larvae per square meter of ash phloem), increasing the detection efÞciency 1.7-fold would have greatly increased the probability of detection (Fig. 3) . However, at extremely low A. planipennis densities (Ͻ1 larva per square meter), increasing the detection efÞciency had only a small effect. It is important to note that the improved detection efÞciency associated with girdling a tree is likely to vary with A. planipennis density and location, and could potentially increase the relative efÞciency of girdled trees compared with nongirdled trees. Despite this caveat, the estimates presented here indicate that considerable improvements in technology will likely be needed to reliably detect or monitor very low density A. planipennis infestations.
An important, but poorly understood, aspect of A. planipennis behavior is whether mated A. planipennis females engage in long-distance dispersal ßights despite the presence of available ash trees. Results from ßight-mill tests showed that mated A. planipennis females have the physiological potential to ßy 1.3 km/d (Taylor et al. 2010 ) but how these observations translate to Þeld settings is unknown. We evaluated this potential behavior in our simulations by designating a small proportion of the A. planipennis population as long-distance dispersers, with varying degrees of dispersal propensity and maximum dispersal distances of 1,000 or 2,000 m. The inclusion of long-distance dispersers, not surprisingly, led to considerable increases in the spread of the population (Table 2) . Furthermore, increasing the propensity of long-distance dispersers to disperse had a greater impact on the overall spread than the proportion of the population engaging in long-distance dispersal. This greater spread in turn resulted in a more diffuse population toward the leading edge of the expanding population and a concomitant decrease in the ability to accurately delineate the infestation (Figs. 4 and 5) . These results illustrate how a behavior that may be relatively rare could nevertheless impede efforts to delineate the spatial extent of the population.
The use of systemic insecticides and girdled trees has a strong potential to reduce both the population growth and the spread of A. planipennis (Mercader et al. 2011b ). However, if the primary goal of a management program is to reduce A. planipennis spread, an accurate estimate of the distribution of the A. planipennis population is needed. Our simulations suggest that accurately delineating the leading edges of localized A. planipennis populations is likely to be very difÞcult. In the absence of major breakthroughs in detection technology, this situation calls for a management strategy that focuses on reducing growth of A. planipennis populations and targets the ash trees themselves, which are readily observable. A pilot project to develop, implement and evaluate such a strategy was initiated in localized A. planipennis infestations in 2009. This project, referred to as SLowing Ash Mortality or SLAM (SLAMEAB.info 2011, Katovich and is focused on slowing the onset and progression of local ash mortality. Activities are designed to reduce the local population growth of A. planipennis, rather than attempting to manage the spread of an organism for which the leading edge of the population will often be unknown.
